The concepts of density anomaly and density anomaly indicators are introduced. Density anomaly indicators are derived based on Gardner's velocity-density relation ρ = dVp f or ρ = dVs f and is expressed as ∆Fρ = f(∆Vp/Vp) -∆ρ/ρ or ∆Fρ = f(∆Vs/Vs) -∆ρ/ρ. |∆Fρ| >> 0.0 indicates density anomalies that may be resulted by hydrocarbon saturation or mineral composition of rocks. We have investigated the physical background of density anomalies, and derived the equations for calculating density anomaly indicators. Two examples, one from a conventional sand reservoir and the other from an oil sand reservoir are presented.
Introduction
Bulk density of rock is a function of the rock properties: porosity, fluid type, fluid saturation, and mineral composition. It can be used to characterize a reservoir or to delineate lithologies because of its direct link to these rock properties. It can be calculated by ,
where V i and ρ i are volume fraction and mineral density, respectively. For clastic rocks, Equation (1) becomes ρ b = ρ ss V ss (1-φ) + ρ sh V sh (1-φ) + φρ w S w + φρ fl (1-S w ), (2) where φ and S w are porosity and water saturation, respectively, and the index ss, sh, and fl represent sand, shale and fluid. showed that for a sand with porosity of 40% the magnitude of density variation due to gas saturation can be as high as 20%. This is comparable to the variation of P-wave velocity. For sand-shale mixing, when the pore space of the sand is completely filled with shale or clay minerals the variation can reach to 60% (Figure 1 ). Based on the variation of density, we may able to identify reservoirs or discriminate lithologies. Specifically, density information can be useful in following circumstances: 1) detection of fizz water reservoirs, where P-wave velocity exhibits a significant drop with small percentage of gas saturation but density experiences little change; 2) reservoir characterization in which density is the only rock property that can be used in delineating reservoirs; and 3) lithology delineation since density often has better correlation with lithologies. Traditionally, density anomalies are characterized by abnormal density reflectivities or low density that may be associated with a reservoir. Seismic density attributes for identifying density anomalies are density reflectivity and density property. These attributes can be obtained from prestack seismic inversion or petrophysical rock property inversion by using deterministic or neural network approaches. We expect that a reservoir with a density anomaly can be defined by using seismic density attributes. For example, a reservoir with low Poisson's ratio but with normal density properties may be interpreted as a fizz water reservoir. A reservoir with abnormal low density in comparison with sand may be interpreted as a conglomerate reservoir because of the low density of rock matrix. Can any other density related attributes except density reflectivity and density property be used in identifying density anomalies? Using an approach taken by for fluid factor, we derived density anomaly indicators based on Gardner velocity-density relation ρ = dVp f or ρ = dVs f as
and
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where ∆Vs/Vs, ∆Vp/Vp and ∆ρ/ρ are velocity and density reflectivity Rvp, Rvs, and Rρ. Based on Castagna (1993) the coefficient f in Equation (3) has a value of 0.261 to 0.265 for clastic rocks. In practice, the coefficient f should be determined locally. One should also recognize that the value of f in Equation (3) differs from that in Equation (4). Similarly to Equations (3) and (4), we obtained
and ∆Fρ = f(∆Is/Is) -∆ρ/ρ)
based on impedance-density relations, where ∆Ip/Ip and ∆Is/Is are P-and S-wave reflectivity Rp and Rs. Figure 2 illustrates the physical meaning behind Equations (3) to (6). In Figure 2 , the blue solid line represents a local impedance-density relation. The data points on this line or in the vicinity of the line have ∆Fρ ≈ 0.0. The red arrow shows the contrast between the overlying shale and the reservoir. The orange arrow shows the contrast between the sand and the underlying shale. Apparently, the sand significantly deviates from the regional impedance-density relation. They result in ∆Fρ > 0.0 and < 0.0 at the top and the base of the reservoir, respectively, as indicated by the red and orange arrows. Figure 2 . P-impedance versus density Figure 3 . P-reflectivity versus density reflectivity Figure 3 shows a crossplot of P-wave reflectivity against density reflectivity. The regional trend in Figure 2 transforms into the trend of the cluster in Figure 3 . The coefficient f in Equation (5) plays a role to align the cluster in the 45-degree direction by scaling down P-reflectivity. Since the data points with large ∆Fρ represent the deviation from the regional trend, we can thus identify these density anomalies on a seismic section or in a seismic volume.
Examples
To illustrate the usefulness of density attributes and density properties in reservoir characterization, we present an analysis on a conventional sand reservoir and an unconsolidated heavy oil sand reservoir. Figure 4 shows the well logs of the conventional sand reservoir. It is evident that the density curve has the best correlation with gamma ray curve in comparison with the impedances and the Vp/Vs ratio. This is especially true for the reservoir at the depth about 1300 m. A synthetic seismogram generated with a frequency of 10-14-55-65 Hz using the well logs is shown in Figure 5 . We can see that density reflectivity defines the reservoir better than the Pand S-reflectivities. The troughs and peaks of the density traces correspond to the top and the base of a reservoir. We also see that a peak and a trough of ∆Fρ correspond to the top and the base of the reservoir as well. This is in agreement with the description in Figure 2 . Notice that several strong P-wave and S-wave reflections appear in the non-reservoir zones where density reflections and density anomaly indicator only have weak reflections. Figure 5 . P-and S-reflectivities, density reflectivity, and density anomaly indicator generated using the well logs shown in Figure 4 . Figure 6 illustrates how density reflectivities and the density reflectivity traces are related. It can be seen that the data points were selected by the red and blue polygons and show on the peaks and the troughs of the density reflectivity traces that correspond to the base and the top of the reservoirs. Figure 6 . P-reflectivity, S-reflectivity, and density reflectivity in crossplot domain. Red and blue polygons highlight the data points corresponding to the top and the base of the sands.
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As a second example, we show a case of an unconsolidated heavy oil sand reservoir from the Western Canadian Basin. The challenge facing seismic interpretation is to distinguish shale from oil sand because both of them have similar elastic rock properties in velocities, impedances, moduli, as well as Poisson's ratio. Density, however, not only shows good correlation with the lithology but also good lithology contrasts. Therefore, efforts have been made to use density in the characterization of oil sand reservoirs. Figure 7 shows a set of well log curves of a heavy oil reservoir. Notice that the reservoir is on the top of Paleozoic limestone. Also, within the low part of the reservoir, there is a shale string that divides the reservoir into two parts. Direct observation indicates that the oil sand and the shale do have better contrasts in density.
Taking same approach as that used in analyzing the case of the conventional reservoir, we generated seismograms of Preflectivity, S-reflectivity, density reflectivity and ∆Fρ with frequency of 10-14-100-110 Hz (Figure 8 ). First, we notice that the P-and S-reflectivities look very similar. Second, the difference between density attributes and impedance reflectivities is that the former only shows strong peaks and troughs corresponding to the top and the base of the reservoir but the latter have several additional strong reflections in the non-reservoir zone. We also see that ∆Fρ has a strong peak at the top of the reservoir, a small peak at where the shale string is located, and a large trough at the top of Paleozoic limestone. Again, we see that density attributes provide additional information in defining reservoirs. 
Conclusions
The concepts of density anomaly and density anomaly indicators have been proposed. The equations for density anomaly indicators have been derived based on Gardner's relation. It is shown that the density attributes including density anomaly indicators do provide additional and complimentary information in reservoir characterization. Ongoing study is focusing on applying density anomaly indicators to identify Fizz water reservoirs.
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